Ligand-induced changes in protein conformation can contribute to enzyme catalysis, regulation of function, and substrate specificity. Induced fit mechanisms involve conformational rearrangements of an enzyme to facilitate or enhance correct substrate binding and can provide improved specificity (1-3). First introduced in 1958 (4), induced fit mechanisms contribute to diverse biological processes (5) including tRNA binding in ribosomes (6), DNA modifying enzymes (7-9), kinases (10;11), RNA folding (12), DNA binding specificity (13;14), polymerases (15;16), and many others. However, direct evidence for an induced-fit mechanism through the observation of real-time protein conformational rearrangements coupled to specificity have been quantitated for a small number of enzymes (17) (18) (19) (20) .
Ligand-induced changes in protein conformation can contribute to enzyme catalysis, regulation of function, and substrate specificity. Induced fit mechanisms involve conformational rearrangements of an enzyme to facilitate or enhance correct substrate binding and can provide improved specificity (1) (2) (3) . First introduced in 1958 (4), induced fit mechanisms contribute to diverse biological processes (5) including tRNA binding in ribosomes (6) , DNA modifying enzymes (7) (8) (9) , kinases (10;11), RNA folding (12) , DNA binding specificity (13;14) , polymerases (15;16) , and many others. However, direct evidence for an induced-fit mechanism through the observation of real-time protein conformational rearrangements coupled to specificity have been quantitated for a small number of enzymes (17) (18) (19) (20) .
Enzymes that sequence-specifically modify DNA, including nucleases, repair enzymes, and methyltransferases are faced with severe challenges of substrate recognition and specificity due to the overwhelming abundance of sites that are closely related to the cognate sequence (1;3;5;21) . Mechanisms posited to account for this discrimination are diverse and often require an induced fit process as the enzyme/DNA complex moves from a nonspecific site to the cognate sequence (22;23) . The availability of highresolution structures of cognate DNA/enzyme complexes for many such systems provides a detailed understanding of specific interactions leading to tight and cognate binding (24) (25) (26) (27) .
However, interactions leading to nonspecific substrate binding which facilitate site searching are far less characterized (1;3;28) . Furthermore, the interconversion of conformers as the enzyme goes from nonspecific to cognate sites prior to forming the catalytically competent complex can contribute to such specificity (13;21;28-31) .
The DNA cytosine C 5 methyltransferase M.HhaI binds DNA substrates between its two domains and the cofactor AdoMet in the large domain near the active site (see Figure 1) . Inspection of two cocrystal structures of M.HhaI, one involving the cognate DNA and the cofactor product AdoHcy (3MHT.pdb) (24) , the other involving nonspecific DNA and AdoHcy (2HMY.pdb) (32) , suggest that the enzyme may exploit an induced fit mechanism. Induced fit DNA binding was first proposed for M.HhaI in 1994 when the first ternary complex with cognate DNA, cofactor, and WT enzyme was solved (24) . This complex shows a flexible loop (residues 80-100) in a closed conformation, ~26 Å from its position in the open conformer as seen in the structure without DNA. The loop closed conformer makes contacts to the DNA minor groove and correctly positions active site residues such as C81 which is the essential, active site nucleophile. The nonspecific complex of M.HhaI shows the loop in the open conformer, similar to that observed in the binary enzyme/AdoMet complex (33) . Unfortunately, the nonspecific complex lacks electron density for the DNA, thus preventing the identification of specific contacts between the enzyme and nonspecific DNA, the processes utilized to scan nonspecific DNA, and the mechanisms that allow the enzyme to differentiate between nonspecific and cognate sites.
We sought to directly probe several functional aspects of the flexible loop in M.HhaI catalysis, all of which are uniquely addressable with a solution-based approach. First, the structural information on cognate and nonspecific complexes suggests that loop positioning is determined by the sequence of the bound DNA, thus providing a molecular basis for an induced fit mechanism. Second, the temporal assignment of loop movement in relation to other known steps in the reaction cycle, such as baseflipping, could be insightful for understanding if these processes are enzyme assisted or occur passively (9;34) . Third, our recent work on M.HhaI and other DNA methyltransferases suggests that conformational rearrangements such as the loop movement in M.HhaI or DNA bending by M.EcoRI can directly contribute to specificity (29;30;35) . Here, we extend our prior studies (29;30) by directly probing loop motion using the fluorescence signal of tryptophans engineered into the flexible loop (80-100). Importantly, the highly conserved nature of this loop among DNA cytosine methyltransferases (36) suggests our results may be broadly applicable.
EXPERIMENTAL PROCEDURES
Site-directed Mutagenesis, Protein Expression, and Purification -Three single and two double mutants of WT M.HhaI were constructed, W41F, K91W, E94W, W41F/K91W, and W41F/E94W using the QuikChange PCR mutagenesis kit (Stratagene). Plasmids were sequenced by UIUC Biotechnology center (Urbana Illinois) to confirm the proper sequence changes were made and that no secondary mutations were created. All mutant and WT proteins were expressed with C-terminal His 6 tags; WT M.HhaI shows nearly identical functional and kinetic parameters with and without the His 6 tag (M. M. Purdy and N. O. Reich, unpublished results). For purification, cell pellets were resuspended in 20 mM KH 2 PO 4 pH 7.5, 50 mM NaCl, 1 mM βME, 0.1% triton X-100, and 100 µM PMSF and lysed with 300 µg/mL lysozyme (Sigma) for ~30 minutes at room temperature. Suspensions were cooled on ice and additional NaCl and imidazole were added to bring final concentrations to 1 M and 20 mM, respectively. Suspensions were sonicated 10-15 times with a two minute burst at 50% duty. Lysate was centrifuged at 32,000 g for one hour and the supernatant was loaded onto a ~3 mL Ni-NTA Agarose column (Qiagen) equilibrated with Low End Buffer (LEB; 50 mM KH 2 PO 4 pH 7.5, 1 M NaCl, 1 mM βME, 100 µM PMSF, and 20 mM imidazole). The column was washed with LEB until absorbance of the elutant at 280 nm was unchanged over time, usually 10-20 column volumes. The buffer was then switched to LEB with 200 mM NaCl where it was washed for ~5 additional column volumes. Lowering the salt from 1 M to 200 mM allowed elutant to be directly loaded on to the second ion exchange column. The protein was eluted in a single step with LEB which contained 200 mM NaCl and 300 mM imidazole and was monitored by absorbance at 280 nm. Eluted protein was then loaded onto a phosphocellulose column equilibrated with Extraction Buffer (EB; 10 mM KH 2 PO 4 pH 7.5, 200 mM NaCl, 1 mM βME, and 1 mM EDTA). The column was washed with EB until the absorbance of the elutant at 280 nm remained unchanged over time and the protein was eluted in a single step with EB which contained 800 mM NaCl. The protein was dialyzed overnight in EB with 10% glycerol and aliquots were flash-frozen in liquid nitrogen for storage at -80 ºC. (37) . Determination of k cat -Steady state product formation over time was monitored at 4 ºC using a filter binding assay previously described (38) to determine observed k cat values (see Table I ). These values are only observed k cat values because substrate concentrations were not fully saturating; all enzymes were measured under identical conditions. Briefly, enzyme (10 nM) was added to 3 H labeled AdoMet (2.8 µM) and A M box DNA (4.0 µM) in Methyltransferase Reaction buffer (MR buffer, 100 mM Tris pH 8.0, 10 mM EDTA, 1 mM βME). Aliquots were spotted onto 2.3 cm DE-81 filters at 5 minute intervals. Washed filters were counted for 3 H and the data were fit to a straight line using SigmaPlot. Samples were analyzed with a Beckman Coulter LS6500 MultiPurpose Scintillation Counter. Single-turnover Determination of k chem -Kinetic constants for the rate of methyl transfer were measured at 4 ºC using a single-turnover filter binding assay which was previously described (38) (see Table I ). Briefly, enzyme (1 µM) was added to 3 H labeled AdoMet (2.8 µM) and A M box DNA (200 nM) in MR buffer with time points taken over 150 seconds. To quench the reaction, 12 µL of reaction mixture was added to 6 µL of 0.4 % SDS with 0.5 M HCl and then neutralized with 6 µL 0.5 M Tris base and 20 µL were spotted onto DE-81 filters. Washed filters were counted for 3 H and data were fit to exponential curves using SigmaPlot. Gel Shift Determination of K D -12% nondenaturing PAGE mobility shifts were used to measure K D values for A M box DNA, D M box DNA, and NS DNA, with and without the addition of AdoHcy (see Figure 2 and Table I 32 P labeled NS DNA (~40 pM) was titrated with enzyme (from 1 nM to 10 µM) with and without AdoHcy (24 µM). Gels were scanned on a Storm 840 densitometer (Amersham Biosciences) and band densitometry was determined using ImageQuant (Amersham Biosciences). Data was fit to a rectangular hyperbola using SigmaPlot. Equilibrium Fluorescence -Equilibrium fluorescence was monitored at 22 ºC with excitation at 290 nm on a Perkin Elmer LS 50B luminescence spectrophotometer. All measurements were made in Fluorescence buffer (FL buffer, 100 mM Tris pH 8.0, 100 mM NaCl, and 10 mM EDTA). Excitation at others wavelengths was conducted but 290 nm was found to be optimal for Trp excitation with the least inner filter effect from substrates, DNA in particular. All measurements were made with enzyme (1 µM) and DNA (1.2 µM). Ten 200 nm/sec scans from 300 to 430 nm were made and averaged for each spectrum with slit widths of 7.5 mm (see Figure 3 ). Inner filter effect corrections were made in Excel (Microsoft) using absorbance measurements at 290 nm and a previously reported method (39) . Fluorescence intensity comparisons between the free amino acids Trp, phenylalanine, and tyrosine were done in FL buffer at room temperature by monitoring emission from 300 nm to 430 nm with excitation at 290 nm (39) . Stopped-flow Fluorescence -Stopped-flow measurements were made at 4 ºC with excitation at two wavelengths, 290 nm and 310 nm, for Trp and 2AP, respectively. 4 mm slit widths were used on an Applied Photophysics SX.18MV stoppedflow reaction analyzer equipped with a single channel emission photomultiplier tube positioned 90° from the excitation beam. All experiments were done in FL buffer and observed rates were fit using SpectraKinetic Workstation (Applied Photophysics). At least ten shots were averaged for each data point which was then repeated in at least duplicate. For Trp excitation, a 295 nm filter was used while a 320 nm filter was used for 2AP measurements. 2AP measurements were made by mixing P M box DNA (50 nM) with enzyme titrations (from 250 nM to 1 µM) and monitoring fluorescent emission for 1.0 second. Traces of 2AP emission for WT, W41F, W41F/K91W, and W41F/E94W were fit to double exponential equations using the program SigmaPlot.
Trp fluorescent measurements were made using AdoHcy, AdoMet, A M box, D M box, and NS DNA. W41F, W41F/K91W, or W41F/E94W (1 µM) were mixed with NS DNA, A M box DNA, or D M box DNA (5 µM) for optimal examination of the residuals (see Figure 4 ). Enzyme (200 nM) was mixed with A M box or D M box DNA (from 1 to 5 µM) to determine apparent rate constants reported in Table II and shown in Figure 5 . To monitor residuals shown in Figure 6 , W41F/E94W (500 nM) was mixed with A M box, B M box, C M box, HB 0 box, HB 1 box, or HB 2 box DNA (1 µM) and fits were determined using the program SigmaPlot. W41F, W41F/K91W, or W41F/E94W (200 to 500 nM) fluorescence was also monitored during the addition of AdoHcy and AdoMet (from 1 to 100 µM) (data not shown).
Simulations to place limits on first order rate constants were done using KinTekSim (KinTek corp.). A two-step binding process was modeled; E + S ↔ ES ↔ EZ with the reverse rates for each step set very slow (< 0.007 s -1 ). The observed second order rate constant was used for the forward reaction of the first step and values for the forward rate of the second step were varied from 50-1000 s -1 .
RESULTS
Protein fluorescence was monitored to obtain a variety of rate constants for a conformational rearrangement which occurs in M.HhaI upon DNA addition. Novel Trp mutations (W41F/K91W and W41F/E94W) were engineered into the flexible loop (residues 80-100) which undergoes a DNA-dependent structural reorganization. All mutant enzymes have near WT function. Solution based equilibrium and transient state measurements were made to monitor differential Trp quenching between conformers as they occur upon substrate addition. Kinetic and Thermodynamic Properties -We measured observed k cat , k chem , and K D values for WT, W41F, W41F/K91W, and W41F/E94W which are summarized in Table I . These results show that the mutant enzymes are highly functional and validate the fluorescence data discussed below. All enzymes maintained a kinetic burst of product formation under presteady state conditions (data not shown) confirming that methylation is followed by a slower, product release step (37) . Cognate DNA binding is roughly 10-fold weaker for all mutants but only under ternary conditions, involving protein, DNA and AdoHcy. Interestingly, any perturbations in the function of W41F/K91W and W41F/E94W are also present in W41F which was previously characterized (39) . This implies that the W41F mutation has more impact on M.HhaI function than introduction of a novel Trp into the highly flexible loop. We conclude that Trp substitutions at positions 91 and 94 in the flexible loop have not greatly perturbed enzymatic functions when compared to WT.
for NS DNA was determined for all enzymes to confirm that in subsequent fluorescence experiments the enzymes were fully bound (see Figure 2 ). For all enzymes, little difference was observed between measured NS K D values with and without cofactor and values are reported without cofactor in Table I . These measurements are critical since they show that M.HhaI is fully bound (> 99 %) to nonspecific DNA substrates under the conditions of the fluorescence experiments. Gel shift data was fit to a rectangular hyperbolic equation and K D values are reported in Table I . All dissociation constants are in the nanomolar range for the 40 base pair NS DNA molecule which corresponds to a micromolar range for potential binding sites, consistent with previously reported values for DNA methyltransferases (40) (41) (42) . [Insert Figure 2 ] Equilibrium Fluorescence -The fluorescence studies presented here were limited to the two binary complexes involving DNA and protein, or cofactor and protein. Justification for this comes from three observations. First, in the catalytic cycle, the binary DNA/enzyme complex forms first, followed by AdoMet binding as shown by isotope partitioning (37) . Second, baseflipping and 3 H exchange between the cytosine C 5 hydrogen and solvent are faster in the absence of cofactor (43) . Third, the binary system allows simpler and more robust mechanistic interpretations to be drawn from observed fluorescent changes and represents a proof of principle for studying transient loop motion in M.HhaI. Cofactor additions could cause other protein conformational changes in addition to those occurring with DNA additions. We are currently carrying out the more complex ternary enzyme/DNA/cofactor studies (Estabrook et al., in preparation) .
Alterations in the environment of W41 could significantly complicate interpretations of the changes in fluorescence deriving from K91W or E94W, especially given that W41 quenching is modulated by cofactor binding (37) . Further, the fluorescent intensity of Trp is much greater than the other amino acids when excited at 290 nm (> 70,000 more intense than the free amino acids phenylalanine and tyrosine per molecule, data not shown) (39) , further justifying removal of such a large contaminating fluorescent signal.
Fluorescent measurements done under equilibrium conditions for W41F showed low fluorescent emission relative to that observed with the WT enzyme. Furthermore, this signal showed minimal changes upon the addition of DNA (< 1 % change in intensity) (see Figure 3 ). Measurements were made with W41F as a background for subsequent studies on W41F/K91W and W41F/E94W. Although the lone native Trp residue in M.HhaI was removed, a significant fluorescence signal remains (see Figure  3) , deriving from the 15 tyrosines, 1 contacting the loop, and 20 phenylalanines, 6 in or contacting the loop, in either conformer. Inner filter effect corrections (39) were required for equilibrium fluorescence measurements with substrate additions since DNA and cofactors absorb significantly at 290 nm, causing a reduction in the amount of incident light that excites the protein.
Hence, some spectra were corrected by up to 16 % to account for substrate absorption of incident light. The high error introduced through the inner filter effect in combination with minimal changes in equilibrium fluorescence observed for W41F, when mixed with either A M box or NS DNA, makes full and accurate conclusions from this data difficult. [Insert Figure 3 and 4]
The equilibrium fluorescence signal of W41F/K91W is significantly higher than W41F, consistent with the introduction of a novel Trp residue (see Figure 3) . Undoubtedly, some of the fluorescent signal observed with W41F/K91W is derived from the abundant phenylalanines and tyrosines which were measured with W41F. Although many tyrosine and phenylalanine residues completely transfer their energy to Trp, we made measurements which showed that a portion of the observed fluorescent signal is due to a fluorescing molecule other than the Trp in the loop (data not shown). Interestingly, the wavelength of maximum fluorescence for W41F/K91W shifts from 351 nm to 358 nm upon the addition of A M box DNA with only minor changes in quantum yield (< 1 % change) (see Figure 4) (39) . While this complicates our interpretation of W41F/K91W fluorescent data, the combined functional data (Tables I and II) indicate that the loop is properly assembled.
Apo-W41F/E94W, the enzyme without any cofactor or DNA substrate, shows higher fluorescence than either W41F or W41F/K91W. While this is consistent with the introduction of a novel Trp, we had expected similar signals for W91 and W94 and we conclude that W94 in the open loop conformer is less quenched than W91. This difference between W91 and W94 intensity is most likely due to differential packing of the Trp side chains within the folded protein as determined by structural examination. In comparison to the relatively small decreases in fluorescent signal observed with W41F/K91W, the addition of cognate A M box DNA to W41F/E94W results in a large decrease in equilibrium fluorescence suggesting a significant rearrangement in the environment of W94. Certainly this change derives predominantly from alterations in W94 fluorescence since the overall equilibrium fluorescence signal of W41F/E94W is ~9 times greater than W41F. The addition of NS DNA to W41F/E94W caused minimal changes in the equilibrium fluorescent signal (~2 %) even when the enzyme is fully bound to NS DNA (see Figure  2 , 3 and Table I ). Although a small decrease was observed at equilibrium (see Figure 3) , stoppedflow fluorescence data for the same NS DNA additions to W41F/E94W showed no change in signal (see following section) which suggests the decrease seen by equilibrium fluorescence measurements is due to under-correction of inner filter effects. The lack of fluorescence changes for W41F/E94W with NS DNA additions and the substantial ~13 % decrease in fluorescence with cognate DNA most likely reflects the positioning of W94 into a more quenched environment which only occurs with cognate DNA. While many interpretations of such a large fluorescence change are formally possible, we suggest that given the available structural information (24;32), these changes are caused by loop repositioning and will be discussed below. This provides a direct, solution-based probe for alterations in loop position. Stopped-flow Fluorescence -2AP emission was used to monitor baseflipping over a span of one second for WT and all mutant enzymes (see Figure  5) . Biphasic fluorescent signals and rate constants were observed which were very similar to previous measurements given the temperature difference of our measurements (44;45) . A replot of observed rates from the fast phase (phase 1) versus DNA concentration showed a dependence while the slower phase (phase 2) did not (see Table II ). The first order conformational rearrangement of the target base flipping out of the helix, Phase 1 of 2AP baseflipping, which happens after the initial binding event, must occur at > 200 s -1 as determined by simulation. We conclude that W41F, W41F/K91W, and W41F/E94W have retained normal 2AP flipping properties. Stopped-flow measurements of protein fluorescence from W41F, W41F/K91W, and W41F/E94W were collected with a variety of substrates (see Table II ). While we focus on excitation at 290 nm to reduce inner filter effects for equilibrium fluorescence measurements, stopped-flow data at other wavelengths were examined (265 nm, 270 nm, 275 nm, 280 nm, 285 nm, data not shown) and all have nearly identical stopped-flow traces. Stopped-flow data are reported at 290 nm excitation for optimal comparisons to equilibrium spectra. Fluorescence emission was unchanged for all proteins when mixed with buffer and the cofactors AdoHcy and AdoMet (W41F/E94W with buffer shown in Figure 4 ). We conclude that the environments surrounding the fluorescing amino acids of these proteins, which includes the engineered Trps as well as the native phenylalanine and tyrosine residues, remains unchanged by cofactor or buffer additions.
Stopped-flow data obtained with W41F showed a decrease in fluorescent signal with by guest on September 16, 2017 http://www.jbc.org/ Downloaded from cognate DNA additions but a slight increase with NS DNA. A M box DNA additions gave rates that fit to a single exponential and were concentration dependent (see Figure 4) . These DNA-dependent changes in fluorescence must be due to conformational rearrangements which alter the environment of the weakly fluorescing amino acids throughout the protein. A likely candidate is Y254 which contacts the loop only in the closed conformer and is proximal to the DNA. These two fluorescent changes involving W41F with either A M box or NS DNA, represent protein rearrangements in opposing directions in relation to the apo-enzyme since the stopped-flow signal is increased with one substrate while decreased with the other (see Figure 4) . W41F fluorescence was also monitored during the addition of D M box DNA and the signal was nearly identical to A M box DNA additions with a rate which fits to a single exponential and is substrate concentration dependent (see Table II ). Thus, the conformational switch modulating W41F fluorescence upon DNA additions appears to be the same for cognate and mismatched sites. Based on data from W41F we conclude that M.HhaI has minor conformational rearrangements, potentially unrelated to the flexible loop 80-100, that occur upon binding both nonspecific and cognate DNA. Furthermore, we postulate that signals measured for W41F, although relatively minor in magnitude, are contributing to measurements of W41F/K91W and W41F/E94W and will be discussed below.
Interestingly, stopped-flow fluorescence signal for W41F/K91W shows nearly identical traces as W41F under the same conditions (see Figure 4) suggesting that W91 does not undergo differential quenching between the cognate and nonspecific sites. This suggests that the shift seen with equilibrium measurements contributes little to the overall stopped-flow signal intensity. This interpretation is reinforced by the fact that the observed stopped-flow signal is an integration of the entire area of the peak seen by equilibrium fluorescence. Also, the same increase in signal is seen when NS DNA is added to W41F/K91W and W41F, further supporting the notion that the stopped-flow signal of W41F/K91W is tracking the same changes in fluorescence as W41F. It also seems unlikely that the lack of differential quenching between conformers for W41F/K91W is due to improper loop function since this enzyme is highly functional kinetically and thermodynamically (see Table I ). W41F/K91W fluorescence showed biphasic kinetics with D M box DNA additions, where phase 1 is concentration dependent and phase 2 actually increased in signal (data not shown), very similar to W41F with NS DNA. This suggests that loop motion is modulated by changes made at the DNA target site. While no conclusive information regarding the movement of position 91 is obtained, this data argues that the signal seen with W41F/E94W is reflective of the environment surrounding position 94.
The addition of saturating amounts of cognate DNA (A M box) to W41F/E94W showed a significant change in stopped-flow fluorescence over time which fit to a single exponential equation (see Figure 4) . Observed rates were DNA concentration dependent (see Figure 5 and Table  II ) and the first order conformational changes that occur after the initial binding event have a rate constant greater than 200 s -1 as determined by simulation. Surprisingly, the addition of saturating amounts of NS DNA to W41F/E94W showed no change in fluorescent signal (see Figure 4) , even with the addition of cofactor (data not shown). This suggests that neither NS DNA nor cofactor modulate M.HhaI loop conformation. When compared with W41F and W41F/K91W bound to NS DNA, the trace of W41F/E94W is remarkably unchanged. More specifically, this trace lacks the small fluorescence increase seen with W41F and W41F/K91W. This is most likely due to either i) no change in total fluorescence upon NS DNA or ii) two opposing signals which cancel each other out. Addition of mismatch DNA substrates, B M box, C M box, D M box, HB 0 box, HB 1 box, and HB 2 box DNA, to W41F/E94W gave fluorescent traces which formed a trend from monophasic fits to biphasic fits (see Figure 6 ) where phase 1 was DNA concentration dependent and phase 2 was not. Although all the residuals shown in Figure 6 are from single exponential fits, the data were also fit to a double exponential and residuals confirmed good fits (data not shown) very similar to that shown in Figure 4C and 4D. Interestingly, deletion of all three hydrogen bonds present in the cognate base pair through the use of HB 0 box DNA gave a biphasic trace that can be recovered to monophasic by sequentially replacing the hydrogen bonds with HB 1 box and HB 2 box DNA. This shows a structural coupling between loop motion and baseflipping since subtle changes at the target DNA site modulate loop motion. Furthermore, the residuals shown in Figure 6 continue to become more biphasic even after all of the hydrogen bonds have been removed suggesting that biphasic loop motion is also caused by increasing the population of the extrahelical position of the base. Abasic target bases are predicted to be almost entirely extrahelical in position (46) and a guanosine:adenosine (D M box) mismatch has a greater steric clash than a cytosine:cytosine (C M box) or purine:cytosine (HB 0 box) mismatch. Thus, one or both of the bases is likely to be pushed into an extrahelical position. In support of this interpretation, we observed a correlation between the magnitude of biphasic character of loop motion and the extrahelical population of the target base (see Figure 6D , 6E, and 6F). We also measured k chem for WT M.HhaI with HB 2 box, HB 1 box, and HB 0 box DNA substrates and all observed rate constants were within error of each other (0.038 +/-0.002 s -1 , data not shown).
DISCUSSION
Induced fit mechanisms have been implicated in a variety of biological processes, yet their contributions to substrate binding, catalysis, and specificity are difficult to quantitate because of the transient nature of the relevant conformational rearrangements. Here we track the reorganization of a flexible loop within M.HhaI (residues 80-100), previously implicated in baseflipping and DNA specificity. We relate our measurements of loop motion to the enzymatic discrimination between DNA substrates and to two crystal structures, one with cognate DNA and the other with nonspecific DNA (see Figure 1) (24;32) . This crystallographic evidence showed a ~26 Å DNA-dependent repositioning of the loop, thus implicating an induced fit mechanism (24) . However, the structure obtained with nonspecific DNA lacked DNA density and crystallographic analysis provides little quantitative information regarding the mechanism of the induced fit process (32) . To detect changes in loop positioning as the enzyme progresses through the catalytic cycle, we replaced residues within the loop with the highly fluorescent amino acid Trp and monitored fluorescence changes upon substrate additions.
Direct observation of loop motion was made by using the fluorescent signal changes of W41F/E94W with the addition of cognate DNA (see Figures 3 and 4) . While there are many formal interpretations for the cause of the fluorescence changes observed for W41F/E94W, we attribute these changes to alterations in the environment of W94 and thus the flexible loop. Four observations support this interpretation i) all observed rates of fluorescence changes are DNA concentration dependent, ii) the equilibrium fluorescence spectra show a much greater change in intensity for W41F/E94W than W41F upon cognate DNA addition, consistent with the introduction of a novel fluorescent molecule which undergoes substantial quenching as it changes its environment, iii) the stopped-flow trace of W41F/E94W also shows a greater change in fluorescence signal than W41F or W41F/K91W upon cognate DNA additions, and iv) the fluorescent signal is highly sensitive to subtle perturbations made at the target base pair (see below). Thus, we suggest that the fluorescence changes observed with W41F/E94W result from a repositioning of W94 within the flexible loop. Furthermore, this provides a basis for monitoring loop motion during substrate additions.
This solution-based study shows that the flexible loop is reorganized to the closed conformer when the enzyme is tightly bound to cognate DNA but not when loosely bound to low affinity nonspecific DNA. Thus, M.HhaI bound to nonspecific DNA (see Figure 2 and Table I ) remains in the loop open conformer as it searches for the cognate site. Our approach to examine M.HhaI's mechanism encompasses conformational transitions and by extension to other highly homologous DNA cytosine methyltransferases, this is likely to be broadly relevant (36) . In combination with prior structural studies (24;32), our results establish a firm connection between the flexible loop 80-100 and DNA specificity. Furthermore, they provide strong support for the claim that nonspecific DNA exists in the M.HhaI structure, 2HMY.pdb (32) . Previous studies have examined (24;32) or calculated (47) many of the enzyme/DNA interactions we measure here including baseflipping and its connection to loop motion.
A primary motivation for the direct measurement of loop motion kinetics is to relate this conformational change to the baseflipping process. A key question in baseflipping enzymes is whether the enzymes have an active or passive role, which in principle can be addressed by demonstrating that protein-based conformational changes occur before or after the baseflipping event (9;46;48) . Unfortunately, in spite of our ability to independently measure DNA binding, baseflipping, and loop motion, the near simultaneity of all three events precludes such a temporal assignment. However, the near simultaneity of these processes does suggest a potential coupling (discussed below). Although we can conclude that the first order processes of loop motion and 2AP baseflipping must occur very quickly after DNA binding since they are concentration dependent, it is possible that baseflipping rates for cognate DNA with standard Watson-Crick base pairing would not be concentration dependent; such measurements have not been reported for M.HhaI. However, it seems unlikely that loop motion would occur very quickly after DNA binding without baseflipping since S87, which forms part of the loop, occupies space in which a DNA base is normally positioned (24) .
We sought to probe the extent to which baseflipping and loop motions are coupled to further implicate the underlying induced fit mechanism. Our approach was to subtly disrupt the hydrogen bonds between the flipped cytosine and its base pairing partner, guanosine. If loop motion and baseflipping are coupled and we perturb baseflipping, we could expect to see a response in loop motion. One alternative, involving a mechanism in which loop motion occurs prior to base flipping, would predict no observable coupling. The removal of single hydrogen bonds by replacement of the guanosine with inosine, 2-aminopurine, and purine (HB 2 box, HB 1 box, and HB 0 box respectively) indeed shows that baseflipping and loop motion are coupled (see Figure 6 ). HB 2 box, HB 1 box, and HB 0 box contain two, one, and zero hydrogen bonds respectively between the guanosine analog and the target cytosine without significantly altering the remainder of the DNA structure. Incremental removal of the hydrogen bonds switches the changes in fluorescence (loop motion) from monophasic to biphasic (see Figure 6) . While the precise cause of the biphasic kinetics remains unknown, it most likely involves either i) the accumulation of a conformational intermediate which does not occur with the guanosine:cytosine base pair, or ii) parallel processes of loop motion deriving from enzymatic binding to a mixed population of DNA conformations, each with a different forward rate. Since all of the rates fit well to a double exponential (see Figure 4C and 4D; data not show for Figure 6 ), a second kinetic process is definitely contributing to loop motion when the enzyme binds DNA with compromised target base pairs. Since loop motion is responsive to just the removal of the base pairing hydrogen bonds, loop motion and baseflipping are either concerted or baseflipping slightly precedes loop motion. Certainly, mechanisms in which loop motion precedes baseflipping are inconsistent with our results.
We also measured k chem for WT M.HhaI at 4 °C with HB 2 box, HB 1 box, and HB 0 box DNA substrates and all observed rate constants were within error of each other (0.038 +/-0.002 s -1 , data not shown). Thus, the disruption of the internal hydrogen bonds between the cytosine and the base to which it is paired, does not contribute to the observed k chem rates. This is in contrast to our previous observations showing that the baseflipping transition limits the single-turnover methylation kinetics for the adenine methyltransferase M.EcoRI (49) . Since baseflipping a cytosine from a guanosine:cytosine base pair is expected to be more difficult than an adenosine from a thymine:adenosine base pair due to the extra hydrogen bond (50), one would expect k chem measurements for cytosine methyltransferases to also be dominated by the baseflipping transition. Our results show that even though the baseflipping transition is more difficult for cytosine methyltransferases, subsequent steps after baseflipping but prior to methyl transfer, such as nucleophillic attack and the formation of a covalent complex, dominate the observed singleturnover rates.
Further disruption of the interaction between the target cytosine and its base pairing partner, either through the introduction of a mismatch (cytosine:cytosine, C M box, see Figure 6 ) or removal of the target cytosine base entirely with an abasic substrate (guanosine:abasic, B M box, see Figure 6 ) results in greater biphasic character. These substrates most likely have severe backbone distortions due to steric clashes and incorrect hydrogen donor/acceptor alignment (51-53). The abasic DNA substrate, which most likely has the DNA backbone largely in the extrahelical conformer (54) , shows the greatest biphasic behavior for loop motion. This suggests that any perturbation in DNA structure that alters the extrahelical nature of the target base will contribute to the biphasic nature of loop motion.
We were concerned that 2AP, a frequently used flipping probe for both cytosine and adenine DNA methyltransferases as well as DNA repair enzymes (55) , significantly alters the guanosine:cytosine base pairing interaction, and thus represents an off-path conformer (53) . Most likely, 2AP and cytosine have similar trajectories once the guanosine:cytosine base pairing interactions are disrupted; what is unclear is how the protein:target base interface is altered during the initial steps of the baseflipping transition resulting from the replacement of cytosine with 2AP (52) . We suggest that 2AP is a valid probe of differences, for example between the WT and mutant enzymes, in the context of DNA cytosine methyltransferases (see Figure 5 and Table II ), but that global comparisons of 2AP baseflipping rates versus other kinetic steps such as methylation by such enzymes is not warranted. In the studies presented here, loop motion could not be monitored with 2AP at the target site because of energy transfer between it and the Trp in the loop (39) . Hence, we selected adenine (6-aminopurine) base paired to guanine (D M box) as a 2AP analog substrate since it is most similar to 2AP. Since a mismatched base contains essentially none of the hydrogen bonds present in a Watson-Crick base pair and can often exist in extrahelical conformers (51-53), the baseflipping process involving steps leading to the initial disruption of the base pair must be on a different path than with cognate base pairs. Our study, in conjunction with others (52;56), draws significant concern on kinetic studies done with 2AP and M.HhaI as a baseflipping probe (45;52) .
If loop motion varies between cognate and mismatched substrates, and we show that baseflipping and loop motion are coupled, then other aspects of baseflipping could be varied with mismatched substrates and would be off-path. Since biphasic rates are also observed for 2AP flipping by M.HhaI (see Figure 5 and Table II), it seems possible that baseflipping could be monophasic when done with cognate base pairs. We attempted to use pyrrolo cytosine, a fluorescent cytosine analog, as a cognate flipping probe but M.HhaI did not bind or flip the target base, most likely due to the addition of carbon atoms off the cytosine C 5 position (data not shown).
Enzymes which reorganize their substrates upon binding often bind tighter to pre-organized substrates (57) . That is, an enzyme involving a baseflipping step is likely to bind tighter to a target base which is already partially flipped. Loop motion could contribute to the initial stages of baseflipping since it is responsive to the subtle removal of the internal hydrogen bonds of the base pair while maintaining a cognate cytosine target base (see Figure 6 ). This scenario is highly consistent with a partially concerted mechanism for loop motion and baseflipping. An M.HhaI mutant without the loop (58) could potentially stabilize only those bases that are partially flipped and which have skipped the initial, high energy conformers of baseflipping, hydrogen bond breakage (46) .
The short lifetimes of conformational intermediates during enzyme catalysis often makes their investigation difficult. By placing reporter tryptophans within a flexible loop in M.HhaI we provide a strategy for probing the large scale loop motion and its importance to enzyme function. For example, nucleic acid modifying enzymes bind DNA nonspecifically while they search for the cognate site and must make rapid changes when the correct site is found (3). For M.HhaI, we suggest that loop motion plays a critical role in this process. M.HhaI exists in a predominantly open loop conformer when fully bound to nonspecific DNA. However, when the cognate site is found, the enzyme undergoes a very rapid conformational rearrangement dominated by loop movement into the DNA minor groove. This loop is a specificity element that only rearranges at the cognate site and is probably responsible for tight DNA binding. Since loop motion is shown to be responsive to subtle changes in the base pairing of the target site, loop motion and baseflipping are coupled. Finally, we show loop motion occurs nearly simultaneous with baseflipping and DNA binding in this induced fit mechanism. triangle) DNA in FL buffer at 4 ºC. A M box and D M box rates were measured by monitoring Trp fluorescence with excess DNA and excitation at 290 nm while P M box DNA rates were measured by monitoring 2AP fluorescence with excess enzyme and excitation at 310 nm.
6. Residual fit analysis of stopped-flow fluorescence from W41F/E94W with various DNA substrates shows that loop motion and base flipping are coupled. All data was collected at 4 ºC in FL buffer and data was fit to single exponentials. Residuals from double exponential fits (data not shown) confirmed these conformational rearrangements to be biphasic, very similar to that in Figure 4C 
